Multiple pathways are involved in accurate synthesis and distribution of DNA during replication, repair and maintenance of genomic integrity. An increased error rate, abovethe spontaneous mutation baseline, has been implicated in carcinogenesis and aging. Moreover, cytogenetic abnormalities are increased in Down's, Edwards', Patau's, and Klinefelter's syndromes with increasing maternal age, and in Marfan's and Apert's syndromes with paternal age. In response to DNA damage, multiple overlapping systems of DNA repair have evolved, preferentially repairing the transcribed strand within transcriptionally-active regions of the genome. These include direct reversal of dimers and specific adducts and pathways for base excision, nucleotide excision, and mismatch repair. A consensus has emerged that some DNA repair capacities decline with organism age, contradictory reports notwithstanding. As is the case for inborn defects in humans, knockout mice lacking components of nucleotide excision repair or DNAdamage checkpoint arrest have increased frequencies of skin and internal cancers, whereas mice overexpressing DNA repair genes have fewer spontaneous cancers. Oxidative stress and resultant free radicals can damage genomic and mitochondrial DNA; damage increases with age but decreases with caloric restriction. We review recent studies of long-lived C. elegans mutants which appear to involve metabolic attenuation, the role of telomere shortening and telomerase in cellular senescence, and the genetic bases of progeroid syndromes in humans. Finally, we discuss roles of extrinsic and intrinsic factors in skin aging, and their association with DNA damage, emphasizing preventive and protective measures and prospects for intervention by modulating DNA repair pathways in the skin.
INTRODUCTION
Aging is a complex process in which various genetic (intrinsic) and environmental (extrinsic) factors play an essential role in diminishing cell and organism stability and vitality over time. Genomic and mitochondrial DNA play a key role in this process with DNA damage, decreased DNA repair capacity and consequent deterioration of cellular functions ultimately contributing to age-associated diseases and cell death. DNA damage arises from exogenous agents such as ultraviolet irradiation or carcinogenic chemicals as well as from physiological metabolic processes over the lifetime of the organism (1) (2) (3) (4) .
For a long time, it was generally believed that normal human cells had an unlimited capacity to replicate and therefore intracellular events were not involved in aging (5, 6) . In the early 1960s, however, Hayflick and colleagues demonstrated that human diploid fibroblasts lose their capacity to proliferate after a finite number of cell divisions in culture and enter a state termed 'senescence' (7, 8) . Further evidence for this aging process at the cellular level was derived from studies showing that the number of population doublings in cultured human cells is inversely proportional to donor age (8, 9) .
One mechanism that might be responsible for this finite capacity to replicate could be the progressive shortening of telomeres with each replicative cycle: a countdown of cellular life span (10, 11) . Progressive telomere shortening may also contribute to genetic instability and thus to accumulation of DNA damage with age (12, 13) . However, senescence at the cellular level does not fully explain aging of the organism, since the latter occurs before the finite replicative capacity of normal cells is reached. Thus, additional extrinsic and intrinsic factors must be involved in aging.
Organisms are constantly subjected to environmental DNA damage and must possess mechanisms to repair this damage to protect functioning of the organism as a whole. The balance between DNA damage and repair that largely determines mutation frequency would be expected to have a major impact on aging. Studies of various gene loci in both human and animal cells have confirmed that accumulation of mutations in somatic cells is an important factor in aging (3, (13) (14) (15) (16) (17) . DNA repair therefore plays a fundamental role in maintaining the functional integrity of DNA and in determining the rate of aging. This is further supported by studies on progeroid syndromes, many of which are DNA-repair deficient. For example, cells from people with Werner's syndrome, in which a gene encoding a DNA helicase is mutated, were shown to have a marked decrease in life span (18-21). However, it remains to be elucidated if defective DNA repair leads to an unusually rapid accumulation of chromosomal damage and thereby mimics changes that occur in normal aging or whether the damage simply triggers pathways that lead to cell senescence.
DNA DAMAGE AND CORRESPONDING REPAIR MECHANISMS

Genomic instability/Gene specific repair
Genomic instability is characterized by an increased rate of alterations to the genome resulting from both endogenous and external sources. It comprises a broad variety of karyotypic abnormalities, such as mono-/or trisomies, chromatid gaps and breaks, aberrant chromosomes and" somatic mutations such as deletions, insertions, substitutions, translocations and recombination (22) (23) (24) .
Multiple pathways are involved in accurate synthesis and distribution of DNA during replication, repair and maintenance of the integrity of the genome and regulation of expression of genes during growth, development and aging (24-29). There is a very low baseline frequency at which errors seem to occur, leading to spontaneous mutations. However, an increased rate has been implied in carcinogenesis and aging (26-32). For example, several studies have reported an increase of chromosome aberrations with age both in human cells (3, 13, 15, 16, (33) (34) (35) (36) and in animal models (14, 26) . Specific genes, such as the hypoxanthine phosphoribosyl transferase gene, show an age-related increase in the mutation frequency in peripheral blood lymphocytes in both humans and mice (16, 26, 35) . It has also been shown that the number of lymphocytes carrying a translocation of the bcl-2 gene increases with age (36). Furthermore, studies of genomic integrity, especially in germline cells, have demonstrated an increase in the cytogenetic abnormalities associated with Down's, Edwards', Patau's and Klinefelter's syndromes with an increase in maternal age (34,37). Also a higher incidence of spontaneous mutations in autosomal dominant genes was found with increased paternal age in Marian's and Apert's syndromes (38).
Molecular alteration can lead to functional aberrations and cell death, either by initiating programed cell death (apoptosis) or by interfering with essential cellular functions, thus causing cellular necrosis. In response to DNA damage, cells have developed an elaborate system of DNA repair. The exact molecular mechanisms of DNA repair in maintaining genomic stability and cell viability, however, have only recently begun to be understood.
A priori, it needs to be pointed out that gene-specific DNA-repair occurs preferentially in the transcribed strand (39). Selective removal of transcription-blocking DNA damage, such as pyrimidine dimers, from the transcribed strand of the mammalian dihydrofolate reductase gene has been reported by Mellon et al. (40, 41) . This scheme of selective repair is further supported by evidence that the major basic transcription factor TFIIH contains several DNA repair enzymes (42), thus colocalizing transcription and DNA repair capacity.
There also appears to be preferential repair of certain transcriptionally active regions of the genome, comprising approximately 1% of the total cellular DNA, compared to non-coding regions. Even repair rates among genes and within genes can vary (41,43). DNA repair comprises a broad variety of mechanisms, and specific pathways are involved in repairing different types of damage. Direct reversal of DNA damage has been reported for thymine dimers and certain adducts, such as O-alkylguanine, while other forms of damage are corrected by base excision or the mismatch repair pathway (43,44). A more complex pathway, nucleotide excision repair, involves multiple genes responsible for recognition, excision of a DNA fragment containing the damaged DNA base(s) and resynthesis of the original DNA sequence (43).
For many years, DNA damage and repair have been central to many theories on aging. However, studies gave contradictory and controversial results. In 1974 Hart and Setlow demonstrated a linear relationship between the logarithm of life span and unscheduled DNA synthesis, a measure of DNA repair (45). This, however, was only a crude measurement of the DNA polymerization step in the repair process, after UV damage. Later, Setlow proposed that even though the accumulation of DNA damage in older cells could be due to deterioration in the repair system, he did not believe this to be the causal event responsible for the aging phenotype (46) .
Others failed to demonstrate a relationship between DNA repair and human aging. For example, Liu et al. found no indication of a donor age-associated reduction in DNA repair capacity for UV photoproducts in cultured human keratinocytes (47). Also, Kunisada et al. reported that there was no donor age-related change in repair of UV-induced DNA damage in cultured human fibroblasts (48). Others, however, reported a significant decrease of mutagen-induced sister chromatid exchange during recombinational repair, in vitro and in vivo, as an indication of impaired DNA repair in old cells (49). In time, however, as scientific methods were refined, it was shown that DNA repair capacity does indeed decline with age. Singh et al. found an increase in spontaneous DNA damage (50), as well as an age-related decline in DNA repair competence after X-irradiation in human lymphocytes from older donors (51). In human peripheral blood lymphocytes (3) and in dermal fibroblasts (52) a decrease in host cell repair of UV-induced plasmid DNA photoproducts of 0.6 % per year was demonstrated between 20 and 60 years of age and between 10 and 100 years of age, respectively.
In cell or animal models in which certain genes involved in DNA repair are mutated (for example, mutations in xeroderma pigmentosum complementation group A (XPA) or p53 'knock-out' mutations) (53,54), it was demonstrated that interference with these gene products leads to inadequate function of one of the most important DNA repair pathways in cells, nucleotide excision repair. As a result, mice that are homozygous for these mutations have greatly increased risks for the development of skin cancers and also tumors of internal organs (53,55,56). However, transgenic mice that overexpress O-methylguanine-DNA methyltransferase (MGMT) in brain and liver have an increased repair activity in these tissues, resulting in a reduced spontaneous frequency of hepatocellular carcinoma (57). These data, taken with those of Wei (3) and Moriwaki (52), suggest that a decline in certain DNA repair mechanisms with age could very well account for the increase of various tumors with age, while conversely preservation or stimulation of repair capacity might offer a certain degree of protection against development of potentially life-threatening tumors. Whether these phenomena might also largely account for age-associated benign cellular dysfunctions is less well studied.
Oxidative stress and mitochondrial DNA repair
One major factor implicated in the aging process is oxidative stress. Endogenously generated free radicals resulting from normal cellular metabolism or from exogenous agents such as ultraviolet irradiation or chemical carcinogens can cause serious damage to genomic and particularly to mitochondrial DNA (mt DNA), given the central role of mitochondria in cellular respiration. Mitochondria, whose electron transport chain utilizes 90 % of cellular oxygen, are a major site for generation of free radicals such as hydrogen peroxide, hydroxyl ions and superoxide anion radicals, therefore, the elimination of damage from mt DNA is as essential as genomic DNA repair. Oxidative stress can lead to numerous forms of DNA damage, which can be repaired by a variety of enzymes involved in both base excision and nucleotide excision repair (25,58-61,66).
A signature DNA lesion produced by oxidative stress is 8-oxo-7-hydro-2-deoxyguanosine (8-oxo-dG). Accumulation of 8-oxo-dG with aging has been demonstrated both in vivo and in vitro and confers a high mutagenic risk (58,59). A high level of 8-oxo-dG in mt DNA in rats and mice is associated with an increase in the ratio of oxidized to reduced glutathione in several organs, suggesting a direct relationship between mt DNA damage and mitochondrial glutathione oxidation (60). Decreases in mitochondrial respiratory activity with increasing age have been documented and postulated to result in increased cellular damage by free radicals and thus an increased mutation rate with age (62-67). This finding is more pronounced in tissues with a higher metabolic rate (64). Also, tissues from older people have a higher incidence of the so-called 'common' deletion (between nucleotide 8410 and 13459) in mt DNA than do tissues from infants (62). Thus, since mitochondria play such a pivotal role in cellular metabolism and elimination of free radicals, it is conceivable that accumulation of defective mitochondria -especially in tissues with a high metabolic activity-might lead to impairment of cell function and thus phenotypic aging of the organism.
Other support for the importance of oxidative stress in aging is that dietary restriction in mice leads to lower levels of DNA damage, reduced mutation frequency and enhanced DNA repair (68,69). Further evidence for the major role metabolic oxidative processes play in the aging process comes from experiments in flies and nematodes, in which longer life spans are associated with lower levels of oxidant generation and oxidative molecular damage (70) (71) (72) (73) . Over-expression of key enzymes involved in cell metabolism, such as superoxide dismutase and catalase, retard oxidative damage and increase life expectancy in Drosophila melanogaster (71, 72) .
Recent studies have identified several genes in Caenorhabditis elegans that increase both stress resistance and life expectancy (73) (74) (75) (76) (77) (78) . Two of these candidate longevity genes are age-1 and daf-2, which are involved in the formation of the dauer larval stage of this nematode (73) (74) (75) . Age-1 mutations lead to a slowed aging rate resulting in a doubling of life span. Daf-2 mutations seem to be involved in the regulation of lifespan by insulin-like signalling, consistent with the extension of life span in mammals by dietary restriction.
Other life span regulating genes belong to the family of clock genes (clkl-3 and gro-1) (76). CIk-1 is highly conserved in eukaryotes, including humans, and structurally similar to Cat5p, a metabolic regulator in yeast. Mutation of the clk-1 gene alone leads to a 50 % increase in nematode life span while daf-2/clk-1 double mutants show a fivefold increase in life span (76) . Potentially, this increase is due to alterations in the cellular metabolism, since these CIk mutants show slowed growth and development (76) (77) (78) . These results suggest that CIk genes control metabolic rate and thereby determine life span in Caenorhabditis elegans. Their homologues may play a similar role as a general physiologic clock in humans. A reduced metabolic rate might decrease generation of oxidative damage and thus lead to more gradual aging. To what extent these findings might be extrapolated to human aging will doubtlessly be investigated in the future.
Telomeric DNA repair
Telomeres represent unique sequences of tandem hexanucleotide repeats (rq-AGGG/CCCTAA) at the end of chromosomes (79) . Because DNA polymerase cannot transcribe the terminal bases of the DNA strand during chromosome replication, with each mitosis, a cell's telomeres shorten slightly (80, 81) . Telomere shortening has been proposed on the basis of extensive experimental data as a major mechanism of cellular senescence (10, 11, (80) (81) (82) 88, 89) . It has also been shown that aging and progressive shortening of telomeres are associated with increased genomic instability and cellular transformation (10, 81, (83) (84) (85) (86) (87) . Although the exact mechanism remains to be elucidated, homologies between certain protein kinases and telomeric proteins suggest a link between chromosome stability and cell cycle regulation (84) (85) (86) . In fact, a critical reduction in telomere length appears to interfere with transcription of subtelomeric genes, leading to cell cycle arrest or apoptosis thus perhaps contributing to the aging phenotype (82) . In vitro studies have demonstrated the absence of telomerase and subsequent shortening of telomeres in somatic human cells with proliferation, while immortal human cell lines maintain their chromosome length due to replication of telomeric DNA by the enzyme telomerase (85) (86) (87) 90) .
Other findings that underline the importance of telomeres in aging result from studies in yeast (91, 92) . In S.
cerevisiae, the silent information regulator (SIR) complex, at least in part, determines life span. Mutations that lead to a loss of function in these SIR genes shorten life span while a gain of function mutation (SIR4-42) prolongs life span. The latter mutation is believed to act in part by directing the SIR complex away from telomeric regions of chromosomes to other sites, and silencing at these other chromosomal regions appears to be critical in preventing aging (92) .
Recently, the first direct evidence for a causal relationship between telomere shortening and cellular senescence was provided by Bodnar et al. (93) . By transfecting normal, telomerase-negative human cells with vectors encoding the human reverse transcriptase subunit of telomerase, the investigators showed that telomeraseexpressing clones had elongated telomeres and continued to divide, while telomerase-negative clones exhibited telomere shortening and entered senescence after a defined number of cell divisions. Telomeraseexpressing clones showed a normal karyotype, maintained a youthful morphology and exceeded the normal culture life span by at least 20 doublings (93) . That telomerase positivity is not necessarily associated with malignant conversion has been demonstrated earlier in certain stem cells and germline populations (94, 95) . Application of these findings in human age-related degenerative diseases is an exciting possibility.
Progeroid Syndromes
While it will surely prove difficult to identify human longevity genes, heritable diseases that mimic features of aging provide insights into the aging process in normal individuals. Several human disorders have been characterized and clinically classified as progeroid syndromes based on their features of premature aging. These features include graying of hair, degenerative neuropathy, vascular disease and increased susceptibility to malignant neoplasia (96) (97) (98) (99) . Examples of progeroid syndromes are Rothmund-Thompson syndrome, ataxia telangiectasia, Cockayne's syndrome, Hutchinson-Gilford progeria, trisomy 21 (Down's syndrome) and Werner's syndrome. The study of these heritable genetic diseases was proposed in the hope that specific genes could be identified as influencing the aging process in normal individuals (97) . In accordance with the fact that cellular senescence is linked to the normal aging process, it was reported that cultured fibroblasts from progeroid donors show a reduction in life span (98) (99) (100) . Combining these findings with the concept that defective DNA repair is also linked to the aging process led to the characterization of mutated genes in progeroid syndromes and better understanding of their involvement in DNA repair. For example, in 1996, the Werner's syndrome gene (WRN) was cloned (101) and studies revealed that a mutation resulting in a loss of function within this gene, which appears to encode a novel helicase, leads to the premature exit from cell cycle and entry into senescence in fibroblasts (102) . Certain genes found to be upregulated in Werner's syndrome cells have also been identified to be upregulated in normal senescent human fibroblasts (103) (104) . However, it still remains to be elucidated if defective helicases in general lead to an unusually rapid accumulation of chromosomal damage (due to defective DNA repair) and thereby mimic changes that occur in normal aging.
Determining the relationships between specific DNA repair deficiencies and the complex aging process in vivo is complicated in some instances by the lack of identification of specific gene products, and in others by incomplete characterization of the affected proteins' functions as well as multiple functions of some identified gene products. Further difficulties arise from the fact that in vitro studies on aging (especially in progeroid syndromes) concern almost exclusively proliferative capacity, an incomplete measure of the heterogeneous underlying mechanisms leading to the aging phenotype.
In xeroderma pigmentosum (XP), cells are unable to repair ultraviolet light-induced DNA damage normally and sun-exposed skin rapidly develops dryness and irregular pigmentation, suggestive of aging. However, cultured XP fibroblasts are not known to show accelerated senescence (105, 106) despite the fact that some homologies exist, for example, between the XPB and WRN helicases (107). Cockayne's syndrome complementation group B, another progeroid syndrome with features of accelerated aging, also involves a defective helicase, the excision repair cross complementing gene 6 (ERCC6) (108) . In this disease, excision of UV damage in actively transcribed genes is abnormal, resulting in a failure to transcribe RNA from these genes correctly following UV exposure. This results, however, only in a slight reduction in life span in vitro (108) . Matters are further complicated by the fact that each syndrome might comprise several complementation groups which vary in DNA repair capacity as well as in phenotype (such as xeroderma pigmentosum groups A through G (XPA-XPG) or the three distinct complementation groups in Cockayne's syndrome) (105, 106) . Also overlapping phenotypes of the different syndromes have been described (109) . In brief, the relationship between defective DNA repair and cellular life span is not always clear. Cells from certain types of trichothiodystrophy, characterized by DNA repair defects, do not enter senescence prematurely (108) , while in Hutchinson-Gilford progeria, fibroblast show a marked decrease in life span, while demonstrating variable DNA repair features in vitro (98) .
As in normal replicative senescence, telomeres seem to play an important part in the progeroid syndromes. For example, Werner's syndrome fibroblasts demonstrate a higher rate of telomere loss than normal cells (110) ; and in H utchinson-Gilford progeriaand ataxiateleangiectasia, telomeres are shorter than in age-matched controls (111) . Implications of these findings, however, need to be further evaluated. More analysis is also needed to clarify which syndromes and complementation groups mimic the natural aging process most closely, to allow interpretation of potential impacts of specific genes on aging mechanisms and DNA repair.
DNA DAMAGE AND SKIN AGING
Intrinsic and extrinsic factors
Aging of cells and organisms is in part determined by their genetic make-up. However, extrinsic factors superimposed on chronological, intrinsic aging, lead to acceleration of the aging process and its clinical and histological features. Skin is a prime model for studying the interplay of intrinsic and extrinsic factors in aging because it is not only the largest and most accessible organ in the human body but also the one with the most intimate contact with the environment. It also contains cells of multiple lineages and well-defined differentiated functions, as well as environmentally exposed and unexposed sites.
The most common cause of 'premature' skin aging is ultraviolet irradiation, known to damage DNA through introduction of photoproducts, principally formation of pyrimidine dimers and (6-4) photoproducts (112, 113) . Clinical characteristics of so-called photoaging, compared to intrinsic aging, include irregular hyper-and hypo-pigmentation, epidermal hyperplasia, deep wrinkles due to degeneration of collagen and deposition of abnormal elastotic material, and telangiectasia (114, 115) . In addition to these features, actinic damage eventually results in premalignant skin lesions, such as actinic keratoses, and ultimately in malignancies, such as basal cell carcinomas, squamous cell carcinomas and also malignant melanomas (114, 115) .
While development of premalignant and malignant skin lesions has been causally related to UV "signature" DNA mutations, the relationship between DNA damage and other stigmata of skin aging is less well defined. In this context, it is of interest that cigarette smoking, known to be mutagenic and carcinogenic, exacerbates photoaging (116) . Thus, one approach to slowing the clinical signs of aging is avoidance of exposure to these additional environmental hazards, the most important being sun exposure, by protection of the skin by clothing, use of topically applied sunscreens (117, 118) , avoiding the sun during peak hours and refraining from the usage of sun-tanning beds (artificial sun tanning devices). Such behaviors are indeed critical for humans, who differ from nearly all other organisms in not having evolved means of reducing UV exposure of DNA by such means as bark, feathers, fur, shells or habitat selection, such as living in deep water or in shaded areas (119) .
The amount of DNA damage however, not only depends on the absorbed UV dose but also on the ability of the organism to repair this damage. In nucleotide excision repair, the most important of the mammalian repair processes for damage caused by UV irradiation, the repair complex binds to the damaged DNA, then an endonuclease incises at positions 3' and 5' to the damaged nucleotides. After excision of the damaged fragment from the DNA double-strand, repair is carried out and the gap is filled by DNA polymerase. Finally, a DNA ligase joins the newly synthesized DNA to the existing strand to create an intact molecule (120) (121) (122) . This process is extremely accurate, a testimony to the central importance of DNA integrity to the survival of all organisms. The evolutionary aversion to DNA damage from chance environmental exposures is further demonstrated by the existence of a highly conserved "SOS response" that consists largely of enhanced nucleotide excision repair capacity after potentially mutagenic exposures. The SOS response was first recognized in bacteria and is now known to consist of transcriptional up-regulation of more than 20 genes directly involved in DNA repair and cell survival (123, 124) . In this process, single stranded DNA fragments combine with and activate a protease, ultimately leading to derepression of the critical genes (125) . This SOS response was subsequently also suspected in eukaryotic cells (126, 127) , but has only recently been demonstrated to be of crucial importance in DNA repair of human cells, as discussed further below.
Decreasing DNA Damage and Skin Aging
Sun Protection
Many in vivo studies in animal models as well as in humans have shown that sunscreens lead to a dosedependent reduction in both dermal damage and in photocarcinogenesis (128) (129) (130) (131) . In fact, it was demonstrated that the application of SPF-15 sunscreens to mouse skin before UV irradiation leads to a reduction of elastin promotor activation (an indicatorof photodamage) to up to 70% (130) and also prevents p53 mutations responsible for the development of skin cancers (132) . Thus, simply reducing the amount of UV radiation exposure seems to be the most important approach in protection of the human genome from environmental damage and consequent aging changes.
Antioxidants/ Vitamins
In skin, it has been shown that vitamin/antioxidant supplementation systemically or topically can reduce oxidative stress and the generation of free radicals in various ways (67-69, [133] [134] [135] [140] [141] [142] [143] [144] [145] [146] [147] . This suggests that preparations containing antioxidant vitamins A, C or E may slow the intrinsic and extrinsic aging process. Certainly, any factors that increase oxidative stress, such as the chemical carcinogens in tobacco smoke, have to be avoided. Vitamin supplementation may reduce lipid peroxidation and thus ameliorate oxidative stress (especially in cigarette smokers) (133) . Moreover, dietary restriction was shown to markedly decrease age-associated accumulation of mutations in mice (68) and might potentially extend mean and maximal life span even in monkeys, possibly by reducing oxidative DNA damage (134) . In humans it has been reported that low dietary intake of fruit and vegetables, a principal source of the anti-oxidants ascorbate, carotenoid and tocopherol, doubles the risk of most types of cancer (135) .
Vitamin E, a naturally occurring lipid-soluble, nonenzymatic antioxidant, can also protect the skin from oxidative stress and thus possibly reduce photoaging (136) . Clinical studies demonstrated that vitamin supplementation (multivitamins, vitamin A, C and E) was associated with a reduced risk of basal cell carcinoma (137) . However, no association with altered cellular DNA repair was found (137) . Protection against sunburn in humans has been reported after oral administration of combined vitamins C (2 grams) and E (1000 IU of d-alpha tocopherol) for 8 days prior to UV exposure, potentially leading to a reduced risk later in life for UV-induced skin damage (138) . In E. coil vitamins C and E exhibit radical-quenching activity, thus preventing superoxidedependent membrane damage (139) . Combinations of topical vitamin C and E and UVB sunscreens showed additive protection against sunburn reaction in pig skin, while addition of these vitamins to UVA sunscreens led to additive protection against photodamage (140) . Longer-term studies to assess the possible role of these antioxidants in ameliorating signs of human skin aging have not been performed. However, alpha-tocopherol in carrier liposomes protects human epidermal cells from UV-mediated damage in vitro, potentially by modifying cellular stress responses, such as up-regulation of heat shock protein 70 (141) . As well, it was recently demonstrated that the antioxidant alpha glycosyl rutin, a naturally occurring flavonoid, prevents susceptible individuals from developing polymorphous light eruption, a disease in which oxidative damage appears to play a crucial role (142) .
In summary, vitamins/antioxidants administered both topically and systemically may impact the aging process, presumably by reducing free radical generation and hence oxidative damage in the skin. Further studies will be required to define the exact mechanisms involved, especially in regard to DNA damage and repair, as well as the practical implications of these findings for skin aging therapy.
Vitamin A~ Retinoic Acid
Vitamin A or retinol is an essential vitamin and must be acquired from the diet as retinyl esters or beta-carotene. In the body, it is metabolized to retinoic acid (RA), whose level is carefully regulated in all body tissues, serves as a major morphogen during embryogenesis and is also required for maintenance of normal epidermal differentiation throughout life (143) . RA is a member of a hormone superfamily whose effects are mediated at least in large part through nuclear receptors, with the receptor-ligand complex binding RA receptor elements (consensus sequences) in the promotor region of regulated genes and thereby modifying their transcription. The clinical effects of RA on aging skin might be due in part to antioxidant properties, as well as to the betterstudied transcriptional activation of target genes. RA in the skin binds to specific nuclear receptors (RAR and RXR) and subsequently modulates cell function by altering gene transcription (144) . The vitamin A derivative has been shown in multiple studies to reverse clinical signs of aging (145) (146) (147) . Topical daily application of all-trans retinoic acid (tretinoin) for 4-6 months significantly improves clinical appearance overall and specifically improves roughness, irregular pigmentation, and wrinkling. Although the gene targets for RA involved in photoaging are largely unknown, patients treated with 0.1% tretinoin cream for 10-12 months showed an 80 % increase of dermal collagen type I content (148), presumed to result from increased gene transcription and also thought to account for the improvement in wrinkling. Also in skin, pretreatment with 0.1% tretinoin cream blocks the induction and activation of collagenases and gelatinases after UV irradiation, through the inhibition of transcription factors AP-1 and NF-KB, thus also preventing further UV-mediated destruction of collagen (149, 150) . RA and other retinoids are also recognized to be cancer-chemopreventatives (151) (152) (153) , although it is unknown whether retinoids have any direct effect on DNA damage or repair.
Enhancing DNA Repair Capacity
Another approach to interfering with the aging process in cells is to modulate the extent of DNA repair after damage has occurred. The feasibility of such an approach is suggested by in vitro experiments with human keratinocytes and fibroblasts showing that liposomeencapsulated T4 endonuclease V (T4N5), a prokaryotic DNA repair enzyme, enhances pyrimidine dimer repair after UV irradiation (154) . In intact mouse skin, T4N5 stimulates the UV-induced tanning response (155) and reduces the incidence of UV-induced skin cancers (156), a concomitant of skin aging.
For many years, individual studies hinted that eukaryotic cell types might exhibit an inherent inducible DNA repair response similar to the SOS response well characterized in prokaryotic systems (125) (126) (127) (157) (158) (159) (160) . For example, Liu et al. suggested that "conditioning" of adult keratinocytes with sublethal UV doses enhanced repair after UV challenge doses (158), while Protic et al. reported enhanced DNA repair capacity in a fibroblast cell line following exposure to UVC light (126) . McKay and Rainbow noted an increased host cell reactivation, or repair of a UV-damaged reporter virus, in human cells previously treated with UVC irradiation or chemical carcinogens (127, 159) and Le et al. demonstrated an induction of DNA repair for X-radiation induced damage (160) .
Most recently, work from our laboratory and others has considerably expanded the evidence for a broadbased SOS response in human cells that can be evoked by a variety of DNA damaging agents, and, remarkably, by DNA fragments alone, in the absence of such damage (161) (162) (163) (164) (165) (166) (167) . Many of the photoprotective responses to UV irradiation or other forms of DNA damage can be induced by small DNA fragments, particularly thymidine dinucleotide (pTpT). These responses include increased melanogenesis in pigment-producing cells (161) (162) (163) and an enhanced capacity to repair UV-and chemical carcinogen-damaged DNA (164, 165) . As with the SOS response in mammalian cells, the enhanced DNA repair capacity induced by pTpT is also dependent on p53 (166) . Increased DNA repair has been shown to result, at least in part, from activation of p53 and increased expression of p53-regulated DNA repair proteins such as the growth arrest and DNA damage inducible gene 45 (GADD45) and proliferating cell nuclear antigen (PCNA) (164) (165) (166) . The oligonucleotide-mediated inhibition of cell proliferation also occurs in part through the activation of p53 and subsequent induction of p53-regulated genes, such as the p21 gene (164) . In addition, expression of the XPA protein mutated in xeroderma pigmentosum group A, a DNA damage recognition protein not known to be regulated by p53, is up regulated by pTpT in human keratinocytes (163, 166) . In accordance with increased DNA repair, pTpT pretreated cells also form fewer mutations in genomic DNA after UV irradiation both in cultured cells in vitro and in intact mouse epidermis (167) . Together, these data suggest that application of small DNA fragments to skin should be an effective means of enhancing endogenous protection from exposure to UV light by reducing DNA damage in cells that are more melanized and by better repair of the damage that does occur. This approach also potentially reduces the mutation frequency in skin and therefore the risk of cancer from environmental mutagens such as UV radiation and chemical carcinogens. To the extent that both intrinsic and extrinsic aging and photoaging result from cumulative DNA damage, these processes might also be mitigated.
Perspectives
It is evident that genetic and environmental factors together determine aging rate and longevity. Manipulation of either one can alter life span as well as the aging phenotype. There is ample evidence that increased resistance to and/or responsiveness to environmental stress leads to greater longevity. Potentially, modification of external stress factors in humans, such as avoidance of external carcinogens (UV and chemicals) or dietary modification might increase longevity. Further identification and potentially up-regulation of longevity genes and/or modulation of genes responsible for repairing UV, oxidative or chemical damage might help to increase life span in human beings. A new target for modulation could prove to be telomeres. Transfection of human cells with the telomere reconstituting enzyme telomerase might help to extend cellular life span while maintaining a normal diploid karyotype and normal growth characteristics. Thus, it is conceivable that typical age-related diseases due to loss of proliferative capacity could be prevented or be treated by restoration of telomerase. Finally, enhancement of DNA repair capacity provides yet another strategy for the prevention of the aging and age-associated diseases in human skin. 
